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This project integrates recent innovations of recycled materials used in designing and
building sustainable pavements. An increasing environmental awareness and the demand
for improving economic and construction efficiencies, through measures such as con-
struction warrantees and goals to reduce air pollution under the Kyoto Protocol, have
increased the efforts to implement sustainable materials in roadways. The objective of this
research is to develop a systematic approach toward selecting optimum combinations of
sustainable materials for the construction of asphalt pavements. The selected materials,
warm mix asphalt (WMA), recycled asphalt shingles (RAS), and reclaimed asphalt pave-
ment (RAP) were incorporated in this study. The results of this research are intended to
serve as guidelines in the selection of the mixed sustainable materials for asphalt pave-
ments. The approach developed from this project draws upon previous research efforts
integrating graphical modeling with optimizing the amount of sustainable materials based
on the performance. With regard to moisture susceptibility and rutting potential test re-
sults, as well as the MIM analysis based on a 95% confidence interval, the rutting perfor-
mance and moisture susceptibility of asphalt mixtures are not significantly different
regardless of the percentages of RAS, RAP, or WMA. The optimummixture choices could be
made by the plant emission rankings with consideration of the optimal WMA types, per-
centages of RAS/RAP, and WMA production temperatures. The WMA mixtures prepared
with 75% RAP and Advera® WMA have produced the lowest CO2 emissions among the
investigated mixture types.
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behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).9; fax: þ1 906 487 1620.
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Table 1 eWMA technologies used in this study.
WMA technology Additive Recommended
dosage
Foaming
additive
Advera® WMA 0.25% by total
weight of mixture
Organic
additive
Sasobit® 0.8%e3.0% by
weight of asphalt
Chemical
package
Cecabase RT® 0.2%e0.4% by
weight of asphalt
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Recycled aggregates, recycled shingles, warmmix asphalt, and
bio asphalt are examples of materials used in the design of
newly constructed roadways. Extensive research efforts have
been expended toward characterizing material properties and
behaviors of these recyclable materials. Researches have
focused on how the increased amounts of sustainable roadway
materials perform in roadways (DeDene et al., 2015). Concerns
of global warming and energy consumption are impetuses for
the asphalt industry to lower the carbon footprint (Shrum,
2010). Different agencies in the asphalt industry are diligently
seeking for solutions to lower the energy consumptions,
construction costs, and impacts on the environment through
application of reclaimed asphalt materials and WMA
technologies (Wu et al., 2011).
Pavement construction demands a significant amount of
non-renewablematerials. Rapid depletion of aggregate sources
and the escalation in the price of asphalt binders have urged
asphalt industries to identify alternativematerials to construct
sustainable and inexpensive roads. Attanasi (2008) has reported
that the asphalt price is notablymore instable than that of light
crude oil based on analyses using a simple error-correction
economic adjustment model. This has severely affected the
budgets for road construction and rehabilitation (Hamzah
et al., 2010). In addition to the typical design life of asphalt
pavements, the surface layers are either overlaid or milled.
Within the European Union, countries like Denmark and the
Netherlands have used 100% RAP materials in the
construction of roads (Eighmy and Holtz, 2000; Kandhal and
Mallick, 1997). In Canada, RAP has been used to pave
approximately 500 km in 17 years (Alkins et al., 2008). Lee
et al. (2010) have specified that the application of RAP for the
base and sub-base layers reduced the global warming
potential by roughly 20%, energy consumption by 16%,
problems related to water consumption by 11%, life-cycle
costs by 21%, and the generation of hazardous waste by 11%.
Each year, about elevenmillion tons of rejected and torn-off
asphalt roofing shingles are dumped into landfills in the United
States (California-Integrated-Waste-Management-Board,
2008). Based on the initiatives from the researchers and the
asphalt pavement industry, roofing shingles have been used
as value-added materials to reduce the production costs of hot
mix asphalt (HMA), roughly between $0.50 and $2.80 per ton
depending on the costs of other materials and the type of
shingles used (Foo et al., 1999). Several studies have shown
that the asphalt roofing shingles can be recycled into HMA
with a comparable performance (Amirkhanian and Vaughan,
2001; Button et al., 1995, 1996; Janisch and Turgeon, 1996;
NAPA, 1997; Scranton Gillette Communications, 1989; You
et al., 2011). According to Goh and You (2011), the amount of
asphalt binders contained in the roofing shingles can be up to
37.5% based on their weight. The highly aged asphalt in the
RAS improves the resistance to permanent deformation of the
asphalt mixtures compared with the control HMA.
Numerous RAP field demonstration projects have been
constructed in the United States and Canada to evaluate the
performancewithRAP andup to 50%wasused in thepavement
(Emery, 1993; Hossain et al., 1993; Hossain and Scofield, 1992;Kandhal et al., 1995; Paul, 1995). It was found that the perfor-
mance of the recycled pavements containing RAP have a com-
parable or better performance, in some cases, compared with
that of the virgin asphalt pavements. In the case of WMA
application, due to a low production temperature, a higher
percentage of RAP can be incorporated in the WMA mixtures
without changing the grade of the asphalt binders compared
with its application in the HMA. Based on a study conducted by
Goh (2012), theWMAmixturespreparedwithSasobit and50%or
75%RAPwere found tohavea rutting resistance comparedwith
the control samples. The addition of the Sasobit additives also
improved the resistance to moisture damage of WMA
mixtures with high RAP contents. Mallick et al. (2008)
investigated the feasibility of using a WMA additive (Sasobit
H8) in recycled HMA with 75% RAP at lower production
temperatures. The results showed that it was possible to
produce mixtures with 75% RAP with similar air voids as
virgin mixtures at temperatures lower than conventional
temperatures using 1.5% Sasobit H8. Tao and Mallick (2009)
investigated the feasibility of using 100% RAP-HMA as a base
course with WMA additives (Sasobit H8 and Advera zeolite).
The results showed that the workability of the 100% RAP-HMA
mixtures improved with the addition of WMA additives at
temperatures as low as 110 C.
In termsof environmental impact, the benefits ofWMAhave
been identified through various research efforts worldwide.
Previous researches have stated that emissions and energy
usage (fuel) are significantly reduced whenWMA is used (Gau-
defroy et al., 2009; Hassan, 2009; Mohd Hasan and You, 2015;
Ventura et al., 2009). Other potential benefits include lower
temperature paving, reduced thermal segregation of pavement
materials, an extended paving season, improved workability,
earlier traffic opening after construction, reduced worker
exposure to asphalt fumes, and lower risk of binder aging
(Gaudefroy et al., 2009; Goh et al., 2013; Hassan, 2009; Mohd
Hasan et al., 2013; Ventura et al., 2009). Table 1 describes the
WMA technologies used in this investigation.
Several major objectives have been considered in deter-
mining the performance and environmental emissions of
WMA with different technologies and its combination with
recycled materials:
(1) Assessment of WMA performance with respect to
various additive types and contents.
(2) Quantify the rutting performance and the moisture
susceptibility of mixtures.
(3) Determine the correlation between the performance
and plant emission factors, which will optimize the
asphalt mixture selection.
Table 3 e Dosage of warm mix and recycled materials
pavement type.
Classification WMA
addition
Percentage of recycled
materials
RAP-WMA Advera 50% or 75% RAP
Sasobit
RAP-HMA e
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order to choose the optimal recycled mixture based on the
performance and emissions. By better understanding the
relationship between the performance and emissions of
different combinations of innovative sustainable materials,
researchers and transportation officials can make a better
decision when constructing sustainable roadways.RAS-WMA Advera 5% or 10% RAS
Sasobit
RAS-HMA e2. Materials and experimental design
An asphalt binder with a performance grade of PG 58-34 from
Gladstone, Michigan, and aggregates from local sources were
selected as the base materials in this study. Different WMA
technologies including Advera, Cecabase, and Sasobit were
used. The foamed asphalt was produced in the laboratory
using water injection technique prior to mixing with aggre-
gates during the sample preparation. The tap water was
injected at a rate of 1.0%, 1.5%, and 2.0% (based on binder
weight) into the asphalt binder using a syringe. The mixture
was then rapidlymixed for an adequate dispersal of the steam
throughout the asphalt binder. Additionally, the asphalt
mixtures were produced in accordance with the mixture
design for the materials from local sources within the Upper
Peninsula of Michigan, which were based on the nominal
maximum aggregate size of 9.5 mm and a designed traffic
level of less than 3 million equivalent single axle loads
(ESALs). The WMA mixtures were prepared at 100 C, 115 C,
and 130 C, respectively. Meanwhile, the control specimens
were prepared at 115 C, 130 C, and 165 C, respectively (Table
2).
Table 2 displays the various percentages of WMA additives
used in this investigation, and Table 3 displays the
percentages of RAP and RAS used for the specimens tested
in this investigation.3. Experimental works and selection
approaches
3.1. Permanent deformation and moisture susceptibility
tests
The resistance to permanent deformation or rutting was
conducted using the asphalt pavement analyzer (APA) testing
procedure (AASHTO TP 63-03) at 58 C. The rutting resistances
for the WMA mixtures were compared with those of the
control mixtures at the APA wheel passes ranging betweenTable 2 e Percentage of HMA and WMA mixture and
specimen's fabrication temperatures.
Sample Percentage of
additives (%)
Temperature
(C)
Control-HMA 0.00 115, 130, 165
Advera-WMA 0.15, 0.25, 0.35 100, 115, 130
Sasobit-WMA 0.50, 1.00, 3.00 100, 115, 130
Cecabase-WMA 0.20, 0.35, 0.50 100, 115, 130
Water (foamed asphalt)-
WMA
1.00, 1.50, 2.00 100, 115, 1308000 and 12,000. Moisture susceptibility of the WMA and
control mixtures was determined by the tensile strength ratio
(TSR) test. The TSR test is the ratio between the tensile
strength of dry and conditioned (wet) mixtures after going
through a freeze-thaw cycle. In this study, all of the samples
were tested based on AASHTO T283 (AASHTO T283-03, 2003)
using a loading rate of 0.83 mm/s and a testing temperature
of 25 C.
3.2. MIM graphical modeling
Graphical modeling was used to determine the severity of
various factors on the performance of asphalt mixtures based
on the data collected from the experimental works. The
analysis approach that was used to complete this study is the
MIM graphical modeling. It has been widely used in numerous
fields such as clinical trials, marketing research, engineering,
molecular genetics, sociology, psychology, epidemiology, etc.
The MIM model is generated through the identification of
statistical correlations in multivariate data involving discrete
and continuous variables. Additionally, the dependencies
between the variables in the MIM program can be presented
through undirected graphs, directed graphs, chain graphs,
and factor graphs (Edwards, 2000).
MIM is awindows based on programof graphicalmodeling.
Graphical modeling visualizes data analysis of various factors
among variables. MIM can handle up to 52 variables and it
supports statistical modeling with both discrete and contin-
uous variables. In this study, MIM is primarily used to develop
graphical interactionmodels for discrete and continuous data.
Graphically, the variables are represented by nodes and in-
teractions between variables are shown as lines or arrows
indicating conditional dependencies. Continuous data is
indicated using hollownodes, and discrete data is indicated by
filled nodes in MIM. If two nodes or variables are conditionally
independent then there would be no line or arrow connecting
the two nodes. By the graphical modeling approach, one is
able to quickly determine the relationships between variables
in a given model and understand how the variables within a
model are dependent given a certain set of variables using
statistical analysis techniques such as multiple regression,
single variable ANOVA,multi-variable ANOVA, single variable
analysis of covariance, and multiple variable analysis of
covariance (Edwards, 2000).
Using the following variables, asphaltmixture type, dosage
of mixture additive, and mixture performance, MIM software
can graphically model multi-variable dependence using sta-
tistical data analysis for asphalt mixtures and performance
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mixture type (WMA), dosage (5% asphalt content), and per-
formance (rutting) would be shown graphically as a filled
circle indicating discrete data. Then by using statistical anal-
ysis techniques, such as multiple regression or ANOVA, vari-
able dependence can be established. If the dependence is
established between any two of the variables such as HMA
type and performance, a line would connect them in MIM.
Variable independence between two variables in MIM would
be indicated by no lines or arrows connecting two variables if
there is statistical independence between them.
The approach involved in the modeling process can be
explained using an example of asphalt mixture performance
based on resistance to moisture damage using the TSR. The
experimental data and factors must be organized into their
respective categories. This example considers type of
aggregate (A) (i.e., granite or limestone), mixing temperature
(B) (i.e., 150 C or 170 C), and pass/fail TSR criteria (C) based
on the TSR requirements (more than 0.8). Fig. 1 shows the
graphical model image of these factors correlating with
each other.
The asphalt mixture data based on the resistance to
moisture damage performance is placed inMIM for analysis as
a saturatedmodel of cross sectional discrete data. Referring to
Fig. 1, the circles and lines connecting the factors indicate
discrete cross sectional data in the MIM model. The data and
models were then analyzed by using a Monte Carlo Stepwise
analysis to determine the best correlation of the various
factors under a given alpha value (a ¼ 0.05). The analysis
was conducted by considering all of the edges (AB, BC, and
AC), which indicated the correlations between factors. The
outcomes of the analysis can be interpreted, as presented in
Table 4.
The MIM graphical analysis in accordance with the models
presented in Table 4 were utilized to systematically
characterize the performance of WMA mixtures prepared via
different WMA technologies, additive dosages, and sample's
fabrication temperatures. In this study, the WMA
performance will be evaluated in terms of rutting potential,
moisture susceptibility, as well as correlations between
WMA mixture characteristics using the MIM software.
3.3. Estimations of emission using the National Asphalt
Pavement Association (NAPA) calculator
The NAPA greenhouse calculator computes greenhouse gas
emissions by using a partial life cycle assessment dependent
on HMA production inputs. HMA plant production inputsFig. 1 e Example of asphalt mixture performance
dependence of factors for a discrete dataset.include HMA plant rotary driers, combustion from plant
equipment, and plant vehicle fuel consumption. This calcu-
lator also uses CO2 equivalent emission factors and converts
these factors to determine the risk of global warming due to
CO2, methane, or NOx emissions.
An update to the NAPA greenhouse calculator includes
offset credits for renewable fuel use within the HMA plant or
for the use of RAP, RAS, or WMA. Emission factors for the
generation of greenhouse gases from HMA plants are derived
from the Climate Registry. Climate Registry emission factors
are not equivalent to EPA AP-42 standards for HMA mixture
production. Average carbon content for each combustible fuel
is used to compute emission factors using the Climate Regis-
try dataset.
Emission credits for the use of WMA were derived from
NCHRP 9-47A results, indicating that energy savings using
WMA was on average of 1000 BTU/ton in degrees Fahrenheit.
The updated NAPA greenhouse emission calculator estimated
a 310 F standard HMA mixture temperature and the credits
were determined upon a weighted average of CO2e/BTU and
the mixture of combustible fuels used to produce WMA.
Emission credits for the use of RAS and RAP are greatly
affected by the amount of binders which RAS and RAP adds to
the HMA mixtures. The NAPA greenhouse model update
credits for RAS and RAP were derived from the COLAS mate-
rials road forward report using the factors of 4.1 lbs CO2e/ton
crushed rocks and 116 lbs CO2e/ton of asphalt binders.
The production process of asphalt mixtures consumes a
tremendous amount of energy comparedwith other industrial
processes. Over 30 years of a typical life of asphalt pavement,
the production process of the asphalt pavement consumes up
to 60% of the total energies needed for the construction and
maintenance of the roadway (Ventura et al., 2007).
Additionally, regardless of pavement type, the emissions
released into the atmosphere during the “cradle to gate”
stages (from the production of raw materials to the
production of asphalt mixture in the asphalt plant) is
approximately between 75% and 85% of the total emissions
over a typical life of asphalt pavement (Huang et al., 2010;
Mohd Hasan and You, 2015). The application of WMA
technologies could save tremendous costs used by reducing
the amount of energy used in the production of HMA
mixtures (Romier et al., 2006). Using WMA admixtures in the
production process can allow for a 10 Ce40 C reduction in
production temperatures versus HMA mixtures (Brown,
2008). The reduction in production temperatures can lead to
a 20%e35% reduction in burner fuels using WMA products
(D'Angelo et al., 2008). The NAPA greenhouse calculator was
used to predict CO2 greenhouse emissions for each asphalt
mixture (NAPA, 2011) such as control HMA, Advera WMA,
Sasobit WMA, Cecabase WMA, and water injected WMA
mixtures. However, it is essential to note that these
emissions are largely theoretical estimates and may not
truly reflect actual plant emissions. In this study, several
assumptions were made as follows.
(1) 3% moisture content of aggregates.
(2) 250,000 tons of asphalt produced/year.
(3) 30 degrees drop in temperature for WMA emissions
unless specified.
Table 4 e Example outcomes of MIM asphalt mixture TSR performance.
Model Description
Model: ABC
All factors are dependent upon each other. The performance of asphalt
mixture depends on the mixing temperature and the type of aggregate.
Model: BC, AC
A and B are conditionally independent given C. A and B are independent of
each other, but the performance of the asphaltmixture depends on the type
of aggregate and mixing temperature.
Model: AB, AC
B and C are conditionally independent given A. Factors AB and AC are
dependent on one another but B and C are independent of each other. In
this case, the resistance to moisture damage of the asphalt mixture is
affected by the type of aggregate.
Model: AB, BC
A and C are conditionally independent given B. This means that factors A
and C are independent of each other as long as B remains fixed. The
resistance to moisture damage of asphalt mixture only depends on the
mixing temperature
Model: A, B, C
All factors are independent of one another. The resistance to moisture
damage (based on TSR criteria) is independent of the type of aggregate or
the mixing temperature.
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previous studies.
Recently, NAPA has updated the emissions calculator to
provide emissions for asphaltmixtures containing RAP,WMA,
and RAS (NAPA, 2012). The below assumptions were
accounted for predicting the RAP and RAS mixtures by using
the updated NAPA emissions calculator.
(1) Assumed 306,945 gallons of fuel oil was used within the
HMA plants for the year.
(2) 80,000 gallons of recycled oil was used within the HMA
plants for the year.
(3) 20,000 gallons of fuels were used for vehicles and plant
equipments.
(4) 250,000 tons of asphalts were produced per year.
(5) 200,000 kWh of power was supplied by Michigan power
plants.
(6) 0.21 MMBTU/ton of asphalt was produced.
(7) RAS andWMAdidn't directly contribute to emissions for
the 2012 NAPA emissions calculator model but counted
as emission credits.
(8) The NAPA model was primarily driven by tonnage of
WMA, RAP and RAS, and was independent from pro-
duction temperature for a given mixture.
(9) 2012 NAPA emissions calculator used inputs of annual
plant production, fuel consumption for plantcombustion, fuel consumption for plant equipment,
and line power.
(10) 4.6% was used as the RAP and RAS asphalt binder
percentage.
(11) 75% RAP-WMA emissions were estimated using 187,500
tons, of RAP processed and 62,500 tons of WMA pro-
duced per year.
(12) 50% RAP-WMA emissions were estimated using 125,000
tons, each of RAP processed and WMA produced per
year.
(13) 5% RAS-WMA emissions were estimated using 237,500
tons of WMA produced and 12,500 tons of RAS pro-
cessed per year.
(14) 10% RAS-WMA emissions were estimated using 225,500
tons of WMA produced and 25,000 tons of RAS pro-
cessed per year.3.4. Framework for the selection of innovative
sustainable materials for asphalt mixtures
Through the incorporation of asphalt pavement performance
criteria, graphical modeling analysis, and projected asphalt
mixture emissions, the model could be effectively used for
ranking the ideal materials for sustainable asphalt pavement
mixtures. Fig. 2 highlights the strategy and framework for the
selection of sustainable asphalt pavement materials based on
Fig. 2 e Framework for the selection of sustainable materials by asphalt mixture performance and emissions.
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factors.Fig. 3 e Permanent deformation of WMA mixtures from an
APA test for low dosage; WMAmixture types at 100 C and
control HMA prepared at 115 C.4. Experimental test results
4.1. Rutting performance
The APA test results of WMA samples prepared using a low
dosage at 100 C and HMA prepared at 115 C is presented in
Fig. 3. Based on the results, Advera WMA and foamed WMA
mixtures have a better resistance to rutting than the control
mixture, while the Sasobit WMA mixture rutting
performance is dependent upon the percentage of Sasobit
added when preparing the mixture. Increasing amounts of
Sasobit result in a lower permanent deformation. Cecabase
RT is production temperature dependent, where Cecabase
WMA mixtures compacted at 100 C result in a higher
rutting compared with the control mixtures; the Cecabase
WMA mixtures compacted at 115 C and 130 C result in a
comparable rutting performance compared with the control
mixtures.
Fig. 4 presents the RAPmixture results for APA rutting over
8000 wheel cycles. The results indicate that the control
mixture containing 75% RAP has lower permanent
deformation compared with 50% RAP mixture. For the WMA
mixtures, in general, the addition and higher amounts of
RAP lead to a better resistance to rutting compared with the
rutting performance of WMA mixtures presented in Fig. 3.
The WMA mixture containing 50% RAP and Sasobit are the
least susceptible to rutting, and the WMA mixture
containing 75% Advera result in the most rutting; however,the performance is still much better compared with the
WMA with Advera without incorporating RAP.
Fig. 5 displays the APA rutting results for RAS mixtures.
The control mixture containing 10% RAS result in the
lowest amount of rutting compared with the 5% RAS
mixture that is found to be the most rutting-susceptible
mixture. For the Sasobit WMA mixtures, increased RAS
percentages lead to increased permanent deformation in
the mixtures. The RAS-WMA mixtures containing Advera
have a similar performance with each other over the 8000
wheel cycles.
Fig. 4 e Permanent deformation of RAP mixtures from an
APA test for Advera and Sasobit WMAmixture types using
a moving average rutting.
Fig. 6 eWMA mixture moisture susceptibility test for low
dosageWMAmixture types compacted at 100 C compared
with control HMA prepared at 115 C.
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The TSR test results are shown in Fig. 6. Typically, the final
results for TSR have values less than 1.0 due to the moisture
damage in conditioned samples, resulting in reduced tensile
strengths as the control samples showed TSR values of less
than 1.0. However, some of the foamed WMA mixtures
result in TSR values greater than 1.0, which imply that the
sample gains tensile strength after conditioning. The best
mixture in this case is the foamed WMA mixture using 1.0%
water compacted at 130 C. Additionally, it is observed that
when the WMA mixture production temperature increases,
higher TSR values result. Considering the data from the TSR
moisture susceptibility results, the following trend is
observed: when the Advera and Cecabase RT WMA mixtures
are compared with the control mixtures, it is found that
their TSR values are similar or higher than the control HMA
TSR values, but their tensile strengths are lower than those
of the control mixtures. The foamed HMA mixtures result inFig. 5 e Permanent deformation of RAS mixtures from an
APA test for Advera and Sasobit WMAmixture types using
a moving average rutting.a higher TSR than the control mixtures do, but they have a
lower tensile strength compared with the control mixtures.
The Sasobit WMA mixtures have TSR values similar to those
of the control mixtures but have a lower tensile strength.
Fig. 7 shows the results for the RAP mixtures. With
consideration of the data from the TSR moisture
susceptibility results for RAP mixtures, the following is
shown: all RAP mixtures except for the 50% RAP Advera
mixture have TSR values above 0.8; in general, Advera WMA
mixtures have a lower conditioned strength compared with
the Sasobit WMA mixtures; 50% RAP Advera mixture has a
significantly reduced conditioned and dry strength than all
other RAP mixtures.
Fig. 8 displays the results for the RAS mixtures. Based on
the results, all RAS mixtures have TSR values above 0.8;
however, only 5% RAS WMA mixtures have greater TSR
values than the 5% RAS control mixture. In general, Advera
WMA mixtures result in lower conditioned and dry strength
values compared with the Sasobit WMA mixtures. Finally,
the RAS Sasobit mixtures result in higher TSR values
regardless of the percentage of RAS used.5. Data organization of MIM model based on
results from experimental works
5.1. Comparison between HMA and WMA
The raw dataset collected from the APA and TSR testing re-
sults are organized by counts meeting the given APA or TSR
category. Each count is one test run, and the test runs are
independent of each other. Based on the number of APA
loading cycles for eachWMA additive category, the amount of
water or WMA additive is separated into low (L), medium (M),
and high (H) dosage categories. Table 5 shows the
corresponding WMA/water percentages to the dosage
Fig. 7 e RAPmixture moisture susceptibility test for Advera
and Sasobit WMA mixture types containing 50% and 75%
RAP.
Table 5 e Classification of specimen dosage and APA
rutting test cycle counts for a graphical modeling
analysis.
WMA
type
Dosage Additive
percentage (%)
Loading cycle
counts
Total
counts
Advera H 0.35 32,587 111,060
M 0.25 29,480
L 0.15 48,993
Cecabase H 0.50 13,284 54,045
M 0.35 20,382
L 0.20 20,379
Sasobit H 3.00 19,601 59,274
M 1.00 19,238
L 0.50 20,435
Water H 2.00 20,018 60,452
M 1.50 20,026
L 1.00 20,408
Control e e 31,692 31,692
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pavement mixture for a graphical modeling analysis.
By using the organized counts from each asphalt mixture
type, the counts were organized according to WMA mixture
type, dosage, and the number of countswhichmeet the failure
criteria for rutting. In this investigation, the rutting criteria
and APA loading cycle values were greater than 4 mm of
rutting at a given asphalt mixture sample's fabrication tem-
perature. Table 6 displays the previously discussed factors and
the number of counts that don't fail the rutting criteria at the
given sample's fabrication temperature. The number of
counts is then normalized to conduct a graphical modeling
analysis, also shown in Table 6, where one is taken to be
zero counts within a given category. Zero is taken to be theFig. 8 e RASmixturemoisture susceptibility test for Advera
and Sasobit WMA mixture types containing 5% and 10%
RAS.entire number of counts within a given category that fails
the rutting category at a given sample's fabrication
temperature.
After organizing the normalized counts within their
respective categories, the data is analyzed using the MIM
command language software to determine the correlations
among WMA type, dosage, and a given rutting criteria. Two
methods of analysis were used for this investigation. One was
a saturated model, and the other was the main effects model.
Both methods were used with a Monte Carlo stepwise anal-
ysis. An alpha (a) value of 0.05 was used to analyze the APA
and TSR performance data. Based on the analysis of the
collected data, it was shown that from both models, the fac-
tors of WMA type, dosage, and rutting criteria at a given
specimen's fabrication temperature were independent of each
other.
Table 7 summarizes the sample counts and normalized
data results for the WMA mixture TSR test data. The TSRTable 6 eMIM graphical model and normalized graphical
model of rutting analysis (one is equal to zero counts).
WMA type Dosage MIM graphical
model
Normalized
graphical model
Failed rutting
criteria > 4 mm at
temperature (C)
Failed rutting
criteria > 6.35 mm
at temperature
(C)
100 115 130 100 115 130
Advera H 15,147 7052 6696 0.54 0.78 0.79
M 3787 9363 7064 0.87 0.68 0.76
L 9895 8177 5120 0.80 0.83 0.90
Cecabase H 2385 5296 0 0.82 0.60 1.00
M 3501 6660 5147 0.83 0.67 0.75
L 2681 6671 6651 0.87 0.67 0.67
Sasobit H 6243 6658 6700 0.68 0.66 0.66
M 6277 6679 6282 0.67 0.65 0.67
L 4198 4743 7050 0.79 0.77 0.66
Water H 6674 6670 6674 0.67 0.67 0.67
M 6677 6675 6674 0.67 0.67 0.67
L 6681 6677 7050 0.67 0.67 0.65
Control e 0 8328 9107 1.00 0.74 0.71
Table 8 e The number of samples below the rutting
criteria of 2 mm and normalized graphical model data
from APA analysis results (one is equal to zero counts).
Sample RAP
dosage
(%)
Loading cycle
counts below
rutting criteria
of 2 mm
Normalized graphical
model data
Counts
below
rutting
criteria of
2 mm
Counts
above
rutting
criteria of
2 mm
Advera 75 6534 0.98 0.02
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respective categories are analyzed using the MIM command
language software. The three analysis factors in determining
the correlations for moisture susceptibility from the TSR are
WMA type, dosage, and a given TSR at a given sample's
fabrication temperature. The two analysis methods used
with a Monte Carlo stepwise analysis for this analysis are a
saturated model and the main effects model. Again, it is
shown from the two models that the factors of WMA type,
dosage, and TSR criteria at a given sample's fabrication
temperature are independent of each other.Sasobit 6681 1.00 0.00
Control 6675 1.00 0.00
Advera 50 6672 1.00 0.00
Sasobit 6656 1.00 0.00
Control 5997 0.90 0.105.2. Data for mixtures incorporating RAP
The RAP mixture performance data is classified as a three
factor model containing two types of RAP percentages, three
mixture types, and a determination of whether the perfor-
mance criteria are met or not. Incorporating the APA rutting
data, counts from the data are determined to see how many
counts from the RAP andAPA datameets the rutting criteria of
2 mm. Table 8 displays the MIM software factor classification
of RAP mixtures and the number of samples below the rutting
criteria of 2 mm. The number of counts that meets the rutting
criteria of 2 mm is then normalized to be used within MIM for
graphical modeling analysis and is also tabulated in Table 8
for RAP mixtures. The number one is taken to be zero counts
within a given category where none of the counts within a
given category fails a given criteria. Zero is taken to be the
entire number of counts within a given category that meets
or fails the rutting category for a given percentage of RAP.
Incorporating the TSR moisture susceptibility data, counts
from the data are determined to see how many counts from
the RAP and TSR datameets the criteria of 0.9. Table 9 displays
the total number of sample counts for each percentage of RAP
and the number of samples that are above and below the TSR
rutting criteria of 0.9. The number of counts that meets the
TSR criteria of above 0.9 is then normalized to be used
within MIM for graphical modeling analysis and is shown in
the same table for RAP mixtures. The number one is takenTable 7 e Normalized graphical model data from TSR
analysis results (all counts passing TSR criteria).
WMA type Dosage Total counts Failed TSR criteria < 0.9 at
temperature (C)
100 115 130
Advera H 18 0.94 0.94 0.78
M 18 0.94 0.89 0.78
L 17 1.00 0.71 0.94
Cecabase H 10 0.70 1.00 0.70
M 17 0.77 0.77 0.71
L 9 0.78 0.67 0.78
Sasobit H 18 0.89 0.78 0.72
M 18 0.78 0.78 0.67
L 18 0.83 0.72 0.67
Water H 18 0.72 0.83 0.72
M 18 0.78 0.72 0.67
L 18 0.83 0.72 0.67
Control e 5 1.00 1.00 0.40to be zero counts within a given category. Zero is taken to be
the entire number of counts within a given category that
meets or fails the moisture susceptibility for a given
percentage of RAP.5.3. Data for mixtures incorporating RAS
The RAS mixture performance data is classified as a three
factor model containing two types of RAS percentages, three
mixture types, and whether or not the performance criteria is
met. Table 10 displays the MIM software factor classification
for RAS mixtures. Incorporating the APA rutting data, counts
from the data are determined to see how many counts from
the RAS and APA data meets the rutting criteria of 2 mm.
Table 10 presents the number of counts for each category of
RAS mixture and the number of samples that are below the
rutting criteria of 2 mm. The number of counts that meets
the APA rutting criteria of above and below 2 mm is then
normalized to be used within MIM for graphical modeling
analysis for RAS mixtures. The number one is taken to be
zero counts within a given category. Zero is taken to be the
entire number of counts within a given category that meets
or fails the moisture susceptibility for a given percentage of
RAS.
Incorporating the TSR moisture susceptibility data, counts
from the data are determined to see how many counts from
the RAP and TSR data meets the criteria of 0.9. Table 11
displays the total number of sample counts for each
percentage of RAP and the number of samples that are
above and below the TSR criteria of 0.9. The number of
counts that meet the TSR criteria of above 0.9 is then
normalized to be used within MIM for graphical modeling
for RAS mixtures. The number one is taken to be zero
counts within a given category. Zero is taken to be the entire
number of counts within a given category that meets or fails
the moisture susceptibility for a given percentage of RAS.
After organizing the normalized counts within their
respective categories, the data is analyzed using the MIM
command language software to determine the correlations
among percentage of RAP/RAS, WMA type, and a given
performance criteria (APA rutting/TSR). Two analysis
methods with a Monte Carlo stepwise analysis are used for
Table 9 e RAPmixture data counts based on TSR criteria and RAPmixture, and normalized graphical model data from TSR
analysis results (all counts within a category meeting the given criteria).
Sample RAP dosage
(%)
Count Counts based on TSR criteria Normalized graphical model data
Counts above TSR
criteria of 0.9
Counts below TSR
criteria of 0.9
Counts above TSR
criteria of 0.9
Counts below TSR
criteria of 0.9
Advera 75 3 1 2 0.67 0.33
Sasobit 3 2 1 0.33 0.67
Control 3 2 1 0.33 0.67
Advera 50 3 1 2 0.67 0.33
Sasobit 3 3 0 0.00 1.00
Control 3 1 2 0.67 0.33
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model. An alpha value of 0.05 is used to analyze the APA
and TSR performance data. It is shown from the two models
that the factors of recycled material percentage, WMA type,
and performance criteria are independent of each other for
both the RAP and RAS mixtures.6. MIM graphical modeling output
The analysis results from the MIM graphical modeling soft-
ware shows that the mixture rutting and moisture suscepti-
bility performance is independent of a sample's fabrication
temperature, dosage of WMA additives, and type of WMA
technology. Fig. 9 displays the MIM graphical modeling results
based on the investigated data for the WMA mixtures. Based
on the generated model, it can be understood that the
resistances to rutting and moisture damage of WMA
mixtures are not strongly influenced by the sample's
fabrication temperature. Additionally, based on the
presented model, Advera, Cecabase, water injection, and
Sasobit can be used and meet the HMA performance
requirements used in this study regardless of the dosage
applied.
Figs. 10 and 11 present the MIM graphical modeling results
for WMA mixtures incorporating RAP and RAS materials.
Based on the generated models, both the WMA type used in
RAP/RAS and the percentage of RAP/RAS used within the
mixture are not strongly related to rutting or moisture dam-
age. In terms of WMA technology, Advera, and Sasobit can be
used to meet the rutting and moisture damage requirements
regardless of the dosage applied. Therefore, decisions to select
the optimal combination of sustainable materials for asphaltTable 10 e Total counts for APA test data and data counts for m
data from APA analysis results (one is equal to zero counts).
Sample RAS dosage
(%)
Total
counts
Loading cycle counts belo
criteria of 2 mm
Advera 10 6682 6682
Sasobit 6680 6524
Control 6676 6676
Advera 5 6686 6686
Sasobit 6691 6691
Control 6676 1683mixes may consider other performance criteria to optimize
performance or rank mixtures by plant emission output or
energy input.7. NAPA greenhouse emission model results
Table 12 presents the control HMA mixture predicted CO2
emissions at production temperatures within 100 C and
165 C using the NAPA predicted plant emissions tool. In
general, higher production temperatures result in higher CO2
emissions. The amounts of CO2 emitted from the asphalt
mixtures are proportionally increased as shown in Table 12,
where a control mixture produced at 165 C has
approximately 38% higher emissions compared with the
mixture produced at 100 C.
Table 13 displays the predicted emission of HMA mixtures
at various production temperatures. The results show that the
water-foamed WMA mixtures produce the highest CO2
emissions compared with the other WMA technologies.
Meanwhile, the Advera WMA mixture is found to have the
least CO2 emissions. Besides, the WMA mixtures prepared
using Sasobit and Cecabase additives have produced
comparable emissions based on the NAPA emissions
prediction tool and the stated assumptions. When
comparing the predicted values from Tables 12 and 13, the
investigated WMA technologies produce less plant
emissions than the control mixture at all production
temperatures.
Fig. 12 displays the projected emissions from the NAPA
emissions calculator for various RAP and RAS mixtures. The
results show that the emissions of the 75% and 50% RAP-
WMA mixtures are significantly lower compared with thoseeeting APA rutting criteria and normalized graphical model
w rutting Normalized graphical model
Counts below rutting
criteria of 2 mm
Counts above rutting
criteria of 2 mm
1.00 0.00
0.98 0.02
1.00 0.00
1.00 0.00
1.00 0.00
0.25 0.75
Table 11 e RAS mixture data counts for meeting TSR criteria and normalized graphical model data from TSR analysis
results (all counts within a category meet the given criteria).
Sample RAS dosage
(%)
Count Counts based on TSR criteria Normalized graphical model data
Counts above TSR
criteria of 0.9
Counts below TSR
criteria of 0.9
Counts above TSR
criteria of 0.9
Counts below TSR
criteria of 0.9
Advera 10 3 3 0 0.00 1.00
Sasobit 3 1 2 0.67 0.33
Control 3 2 1 0.33 0.67
Advera 5 3 2 1 0.33 0.67
Sasobit 3 3 0 0.00 1.00
Control 3 1 2 0.67 0.33
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5% RAS-WMA, and 10% RAS-WMA mixtures are projected to
be similar.8. Rank of asphalt materials combination
Based on the output of asphalt plant emissions calculated
from the NAPA emissions calculator and the outcome of the
graphicalmodels computed by theMIM software, decisions on
selecting the combination of materials for asphalt mixtures
can be made. The calculation of emissions for each WMA
technology is based on the NAPA calculator results and per-
centages of emission reduction in accordance with the values
reported in various sources (Arkema Inc., 2012; Huddleston
and Rodriques, 2009; Mallick and Bergendahl, 2009; NAPA,
2011; PQ Corporation, 2012). The results of the MIM software
show that the performance criteria for APA rutting and TSR
can be met with a confidence level of 95% regardless of the
WMA type tested and/or the percentages of RAP/RAS used for
WMA, RAP, and RAS mixtures. Therefore, with stringent per-
formance criteria, set rankings can be based on projected CO2
emissions. Table 14 displays the ranking for the RAP, RAS, and
WMA mixtures by projected emissions. The output (CO2
emission) from the NAPA calculator is based on the type and
amount of materials used during production, the
temperatures, and assumptions made earlier. Additionally,
the calculated CO2 is also incorporated in the amount of CO2
emissions during the production of raw materials such as
aggregates, asphalt binders, filler materials, etc. Prior to this,
the application of recycled materials (RAP or RAS) lowered
the amount of calculated CO2 that resulted from offsetting
virgin material production by the amount of recycled
materials used during the production of the asphalt
mixtures (Horvath, 2004).Fig. 9 e MIM discrete data graphical modeling output
results for WMA mixtures.The results indicate that theWMAmixtures producedwith
an incorporation of a high amount of RAP, and Advera WMA
have the lowest amount of CO2 emissions generated in the
asphalt plant during production. The application of RAP
greatly reduces the amount of CO2 emissions during the pro-
duction. As mentioned earlier, the asphalt mixture produced
with the addition of 75% RAP only requires 25% of virgin ma-
terials during production. This clearly lowered the CO2 emis-
sions related to the material productions as compared with
the control mixture produced using 100% virgin materials.
However, earlier studies (Cowell et al., 2006; Horvath, 2004;
Huang et al., 2009; Miliutenko et al., 2013) reported that the
environmental impacts of using recycled materials depended
on the characteristics of the equipment used to recover the
materials, and the transportation of materials. Miliutenko
et al. (2013) have specified that it was difficult to make
comparisons between different production plants on the
effects to the environment since asphalt recycling is very
sensitive to transportation distance and is site-specific.
Besides, lower production temperatures are found to
have the least amount of CO2 emissions into the environ-
ment, as shown by the WMA mixtures produced using
Advera WMA at 100 C, 115 C, and 130 C. This new gen-
eration of water-bearing additives displayed an excellent
performance in lowering the CO2 emissions as compared
with other WMA additives. Based on previous studies, this
additive consists of synthetic zeolite that has been hydro-
thermally crystallized and contains 18%e21% water that
functions in a similar way as aspha-min (Goh and You.,
2008; Hurley et al., 2006; Kristjansdottir, 2006). The water is
released when the additive is added to the preheated
asphalt binder and generates micro-pores to help increase
the aggregate coating and workability of the mixture
(Barthel et al., 2004). Barthel et al. (2004) have stated that the
moisture caused foaming to occur, which provided a higher
state of workability up to a six to seven hour period or until
the temperature drops below 100 C.
Furthermore, with regard to results presented in Table 14,
the application of WMA significantly lowers the carbon
footprint, especially at lower production temperatures.
Based on the literature review, the production process
consumed at least 60% of the cumulative energy required for
the construction and maintenance of roads (Arega et al.,
2014; D'Angelo et al., 2008; Goh, 2012; Harrison and
Christodulaki, 2000; McKeon, 2006; Ventura et al., 2007).
Kristjansdottir et al. (2007) have reported that the typical
Fig. 10 e RAP-WMA mixture MIM graphical modeling results. (a) Rutting criteria. (b) TSR criteria above 0.9.
Fig. 11 e RAS-WMA mixture MIM graphical modeling results. (a) Rutting criteria. (b) TSR criteria above 0.9.
Table 12 e HMA control mixture predicted CO2 emissions
at the asphalt plant from the NAPA predicted emissions
tool.
HMA production
temperature (C)
Predicted CO2 emissions (metric
ton/year)
165 4304
160 4213
150 4032
145 3941
135 3760
130 3669
120 3488
115 3397
100 3125
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about 20%e75% depending on the production temperature.
However, the level of benefit is relatively associated with the
type and cost of energy. West et al. (2014) have reported thatTable 13 eWMA and control mixture predicted emissions.
Sample Projected reduction in CO2 emissions
Control HMA NAPA emissions calculator v.3 (NAPA, 2011)
Advera Up to 60% of HMA emissions (PQ Corporation, 2012)
Sasobit A reduction of 20 degrees results in 30% less CO2 emission
(Mallick and Bergendahl, 2009) (35% CO2 emissions reducti
Cecabase 20%e50% CO2 reduction (Arkema Inc., 2012)
Water 31% CO2 reduction (Huddleston and Rodriques, 2009)significant reductions in fuel usage decrease the stack
emissions of greenhouse gases such as carbon dioxide,
sulfur dioxide, and nitrous oxide. At the same production
rate of WMA and HMA, the burner for WMA mixture
production was set approximately 50% lower compared with
the firing rate used in the production of HMA. Jenkins (2000)
has stated that in comparison to cold mixes produced using
cut-back or emulsion asphalt, the use of foamed asphalt
binders provided a better working condition for the workers
since the asphalt binders do not require a solvent to reduce
the asphalt's viscosity in the mixing process, which can
produce volatile emissions.
The ranking show that high RAP content and Advera
WMA greatly reduce the CO2 emissions. WMA mixtures
produced with the application of Sasobit and Cecabase were
shown to also reduce CO2 emissions versus the control HMA
and Water injected HMA mixtures. However, the WMA
mixtures incorporating low binder percentage RAS and the
control HMA mixtures rank poorly with consideration of the
results of the NAPA emissions calculator for both percent-
ages of RAS and the various production temperatures of theCO2 emissions at given production temperature
(metric ton/year)
100 (C) 115 (C) 130 (C)
3125 3397 3669
1250 1359 1468
s vs. HMA
on used)
2188 2378 2568
2031 2208 2385
2156 2344 2532
Fig. 12 e Predicted emissions from asphalt plants during the production of RAP and RAS mixtures using the 2012 NAPA
emissions calculator. (a) Tons of CO2 emissions. (b) lbs of CO2 emissions.
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the total CO2 emissions. There are several factors that can
be related to this finding based on contractor experiences in
the field, where:
(1) The RAS recycling requires a tedious process before it is
ready to use.
(2) The processed RAS only consists of very fine particles,
so it does not help offset the coarse aggregate that is
required during the production of asphaltmixtures. The
coarse aggregate is known as the main structure of the
asphalt pavement, which creates good interlocking to
support traffic loadings.
(3) The asphalt binder from the RAS is very stiff due to the
highly aged condition. Hence, the application of RAS
has to be limited to lower amounts compared with that
of RAP.Table 14 e Ranking of asphalt mixture CO2 emissions
from the asphalt plant during production.
Rank Mixture type CO2 emissions (metric ton)
1 75% RAP-WMA 332
2 Advera WMA 100 C 1250
3 Advera WMA 115 C 1359
4 Advera WMA 130 C 1468
5 50% RAP-WMA 1616
6 Cecabase 100 C 2031
7 Water 100 C 2156
8 Sasobit 100 C 2188
9 Cecabase 115 C 2208
10 Water 115 C 2344
11 Sasobit 115 C 2378
12 Cecabase 130 C 2385
13 Water 130 C 2532
14 Sasobit 130 C 2568
15 10% RAS-WMA 3671
16 5% RAS-WMA 3927
17 Control HMA 165 C 43049. Conclusions
The following conclusions can be drawn from this study:
1. Based on the TSR, APA rutting data, and MIM analysis
based on a 95% confidence interval (a ¼ 0.05), it is found
that the rutting performance andmoisture susceptibility of
asphalt mixtures are not significantly different regardless
of the percentages of RAS, RAP, or WMA. The optimum
mixture choices could be made by emission rankings with
consideration of optimal WMA types, percentages of RAS/
RAP, and WMA production temperatures.
2. Based on the performance criteria of rutting and moisture
susceptibility tests, all WMA specimens have met and
exceeded performance criteria along with the control HMA
mixtures.
3. The graphical modeling results indicate that the factors of
rutting/TSR performance at a given sample's fabrication
temperature, WMA dosage, and WMA type are indepen-
dent of each other. This implies that the performance
criteria can be met at a given temperature for a given
dosage of additive regardless of WMA type.
4. Specimens prepared with 75% RAP and Advera WMA have
consistently produced the lowest CO2 emissions among
the investigated mixture types.
5. From the 2012NAPAplant emissions calculator, the control
HMA and RAS mixtures are found to have the highest
emissions compared with RAP and WMA mixtures. In
addition, there are no considerable differences between
CO2 emissions produced by mixtures prepared using 5%
and 10% RAS contents. However, no explanation can be
disclosed to clarify this result. Studies using Gas Chroma-
tography are recommended to further understand and
justify the CO2 emission values predicted by the NAPA
estimator.
Further testing needs to be completed to determine addi-
tional factors to optimize the selection for sustainable
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should be reminded that the conclusions are based upon
limited testing and performance criteria; therefore, when the
database is expanded, the analysis and conclusions could be
very different compared with those observed in this project.
The analysis and conclusions should also reflect state and
local specifications and the conditions for the determination
of performance criteria and for conducting a robust LCA
analysis.
The ultimate goal of this study is to incorporate all the
short- and long-term pavement performances prior tomaking
a selection for the ideal innovative pavement materials or
technologies. Future work should also consider the entire life
cycle assessment of the pavement with the actual data in-
ventories collected from industries to provide a larger analysis
and understanding, instead of only plant emission computa-
tions as presented in this paper.Acknowledgments
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